The rising increase in groundwater abstraction to serve the industrial sector and to fulfill the agricultural and domestic needs, coupled with severe drought periods during the past decades, leads to a growing deficit of water. The drawdown of piezometric levels and progressing degradation of water quality are the main consequences of such intensive exploitation.
Introduction
Groundwater resources are of great importance for agricultural development in arid and semi-arid areas around the Mediterranean basin and especially in North Africa, where surface waters are scarce and irregular. Hence, aquifers are intensively exploited to satisfy growing agricultural, industrial touristic, and domestic needs. The accelerated industrialization process in combination with rapid population growth and agricultural activities has brought the risk of increasing the pollution index and/or degradation (quantity and quality) in natural resources (water, soil, etc.) (Morrison et al. 1990; Hassanzadeh et al. 2011) .
In Northern Africa, the deep aquifers are used to be the main water source fulfilling many purposes through their natural discharge. Furthermore, artesian springs represent a source of life for the traveling nomads in the desert. In those arid regions characterizing by the scarcity of runoffs and the high temperature and evaporation rates, the lack of alternative water resources leads to an overexploitation of the groundwater resources. The intensive groundwater exploitation causes the degradation of its quality, soil salinization, and even desertification (Mamou et al. 2002) . A decreasing trend in precipitation values and an increase in groundwater exploitation by pumping have led to the subsequent overexploitation of the aquifers (Vrbo et Lippanen 2007) , causing a significant fall in piezometric levels, water-quality deterioration, increase of abstraction cost, ecological damage, increasing pumping costs, and decreased wells yields (Konikow et al. 2002) .
The term "intensive groundwater use" is applied when exploitation induces significant changes on natural aquifer dynamics (Custodio et al. 2005) . Although the aquifer overexploitation is still ambiguous and controversial term, its impacts are commonly observed in many arid and semiarid regions all over the world (where aquifer recharge is limited), related to competing demands that grow on limited resources (Morris et al. 2003) . The term groundwater mining is used when conscious and planned abstraction rate greatly exceeds aquifer recharge (United Nations 1992) owing to groundwater overdraft with a long-term extraction exceeding both natural and induced renewable water resources. Despite the fact that aquifer over drafting can be temporarily beneficial within a long-term water management strategy (Harou et Lund 2008) , it reveals a huge challenge in arid and semi-arid regions, for the sustainability of limited groundwater resources coupled with mismanagement leading to aquifer depletion and groundwater-quality deterioration (IGES 2008) .
Known under different names: Khettara (Marrackech), Qanat and kareez (Iran), Kariz (Afghanistan and Pakistan), Falaj and (plural aflaj) (Oman and United Arab Emirates), Kahriz (Iraq), Karez (Afghanistan), Qanat romani (Jordan and Syria), Qanate and Ingruttati (Italy), Manbo (Japan), Hoyas (Latin America), Jingquen (China), Galeria (Spain), Kahn (Baloch), and Foggara (Algeria); the mkayel system (plural of Mkoula or Mkayels) in Tunisia is an underground gallery with gentle slope draining the water from the upstream aquifer to the drier land downstream towards the palm using gravity flow conditions (Fig. 1a) . The mkayel irrigation is an old system of underground water channels where water flows by gravity from the "mother well'' dug into the water table (Fig. 1b) . The water channel is underground for a distance of a few hundred meters to a few kilometers before it emerges from the ground at the ''day light point''. The mkayel water, collected from natural source or through infiltration of groundwater, can be used for different purposes, especially irrigation. In North Africa (Tunisia, Algeria, and Morocco), a major supply of fresh water is obtained from underground infiltration tunnels known as the mkayel. The advantage of this system is the reduction in the amount of water lost by evaporation. This process uses a system of tunnels with slope length that may reach 10 km (l)/2 km (l), equipped with a series of vent wells spaced 5-25 m (Fig. 1a) . The mkayel as a technical system is associated with social work led by a committee of wise men, called Jemâa, whose role is to direct and oversee the maintenance of the mkayel and the distribution of its water.
The mkayel system consists of a part above the surface and of an underground part divided into the "water production section", underneath the groundwater level of the surrounding area and the "water transport section", which transports the water to the surface. This section is usually lined with plastering on the sides to prevent leakage of water. The gradient of the tunnel is very precise, and should not be too low to ensure water transport and should not exceed 5% to inhibit the erosion of the hosted rock or sand unit in which the tunnel is dug. The mkayel drains the water from an unconfined aquifer "Quaternary fluvial sand and gravel" on the slope of a hill and conveys it to the oasis thanks to the land natural gradient. The conduits which are usually 0.75-1 m wide and 1-1.5 m high (Fig. 1b) in length vary from less than 8-12 km and their discharge rate ranges from less than one to more than 1000 l/s (Trousset 1986) .
The mkayel system is a friendly environmental method playing a crucial role in the groundwater management in arid and semi-arid regions where groundwater is the unique available source of freshwater to meet different supplies, especially for agriculture activity needs, as about one-third of the world's landmass is irrigated by groundwater; in USA, 45% of cultivated land is irrigated by groundwater resources, while in Iran, Algeria, and Morocco, the percentages stand at 58, 67, and 75%, respectively.
The mkayel technology, known as Falaj, an invention is Oman, which is considered the home of this technique (Desruelles et al. 2016) , has been dated to 3000 BCE (Orchard and Orchard 2007) , but its third millennium attribution is still debated (Charbonnier 2014) . According to Tosi (1998, 2007) , the falaj could have been used since the beginning of the third millennium BCE at Hili (UAE), but evidence of hydraulic structures such a aflaj and date cultivation are more well known and numerous for the Iron Age (Magee 2004; Al Tikriti 2002; Cordoba 2013) before it spreads to others cultures. Actually, these traditional systems exist in different regions all over the world in Northern Africa, Southern Europe, Latin America, Asia, and Arabia. They constitute a World hydraulic Heritage, referring to the igneous knowledge of hydrology, hydrogeology, and engineering of people in the past aiming water management and maintenance of agricultural production. The mkayel systems were supported by strong reliefs and traditions, and they were handled as a legacy on which the social arrangement was based (Fig. 1c) (Bonine and Mc Lachlan 1989) .
The social hierarchy and economic status were judged according to their ownership rights to the amount of water from the mkayel l. For example, in Iran, the residents of more eminent households of landlords, merchants, and religious leaders were located in the upper section of the mkayel-based settlement areas where the water is clean and plentiful (Bonine 1989; English 1998) . Marriage ceremonies were performed between subtle, gentle Mkoula (female), and gushing, spurting Mkoula (male) as a ritual. In Tunisian, the mkayel developed in the Sahara plateau for over 4500 years (Bordereau 1986; Tlili 2009 ). Presently, some of the rituals are still being followed to some regions in the rural settlements and villages of Tunisian territory. Nowadays, the mkayel systems in El Guettar basin attract thousands of Tunisian and international tourists.
In this connection, the present paper aims, first, at evaluating groundwater overexploitation effects in arid land and, second, the assessment of technical, environmental, and socio-economic problems threatening the functioning of the mkayel in the Gafsa basin (central of Tunisia).
Methodology

Study area
The study area is limited by the central and southern Atlas of Tunisia, about "100 km" at flight bird south of a large island (Kasserine Island "Tunisian Atlas"). This zone is characterized by E-W-and NW-SE-oriented faults and of NE-SWtrending anticlines, separated by large synclinal basins (Ahmadi et al. 2006; Hamed et al. 2010; Mokadem et al. 2016) . The study area is an oasis village, scanning an area of 9000 hectares of which 70% are covered by palm trees perched at the foot of the Ben Younes-Orbata mountains (Gafsa Monts). It is considered as a national natural feature holding a great part of the civilizational heritage of the country. It is located in southwestern Tunisia. This corresponds to UTM WGS 1984 coordinate lines: X1 = 420,000 m and X2 = 520,000 m; Y1 = 3,700,000 m and Y2 = 3,840,000 m. It is limited in the West by the Algerian frontier, in the North by the Gafsa Chain (J. Ben Younes and J. Orbatta), in the East by the Gulf of Gabes, and in the South by the Northern Chotts range (J. Sehib and J. Berda) and by Djerid chott depression (Fig. 2a,b) . Tunisia, bordering the Mediterranean, represents a climatic transition zone expressed by the existence of two dominant climate types; the Atlantic and the Mediterranean (Celle 2000; Celle-Jeanton et al. 2001) . The absence of high mountains in the Southern province allows the integration of Saharan air masses. The study area, in the Southwestern part of the country, lies in a semi-arid region. It is distinguished by sandy wind during autumn and spring, and the sirocco wind from south west direction in the summer. The mean annual precipitation is about 170 mm, the annual temperature has an average of 22 °C, and the potential evapo-transpiration is about 1680 mm/year (Hamed et al. 2010; Mokadem et al. 2013 Mokadem et al. , 2015 Besser et al. 2018) . The drainage network is not so dense. It is composed of El Kebir, Sidi Aïch, Bayeïch, El Melah, Majni, Lortess, Berda, and As Sad… non-perennial wadis which collect surface runoff from the surrounding hills of Gafsa ranges (J. Sidi Aïch, J. Ben Younes, J. Orbata, J. Chemsi, and J. Berda) and the Algerian territories. The surface water of these wadis is carried to the large continental depression of Chott El Guettar and of Djerid Chott (Fig. 2a,b) .
The study area is a typical example of arid regions where groundwater resources are intensively exploited to supply water needs of agricultural, demographic development, and of the industrial activities related to the Company of Phosphate of Gafsa "CPG". The mkayel acquisition technique of groundwater has been the technique the most appropriate in a region hostile to life. The development and spread of the mkayel throughout the region of El Guettar helped the installation and the maintenance of oasis systems for many centuries. Today, this socio-cultural heritage, the pride of all the oasis population, is endangered by a loss of a dozen of these mkayels per year.
Geological and hydrogeological settings
The study area, in the southern Tunisian Atlas domain, represents a transitional zone between two structurally different domains: in the South, the simple and monotonous Saharan Platform and, to the North, the complex central Tunisian Atlas Mountain belt with its major thrust faults, diapirs, and old compression structures in the North (Ahmadi et al. 2006) . As shown in the geological map (Fig. 2b) , several east-west anticlines emerge in the Northern and Southern borders of the basin. According to the preserved sedimentary sequence, the marine marly limestone of the Lower Cretaceous related to the Zebbag formation represents the oldest deposit. It outcrops at the Orbata range and in the proximity of the major fault extending along Gafsa range and in the northeastern border of the basin. Zebbag deposits are overlaying by Upper Cretaceous limestones of Abiod formation and the phosphate-rich limestone of the Metlaoui Eocene group, outcropping along the southern border of the Berda and Sehib ranges. The sedimentation becomes shallower with the continental Neogene formations, related to Sehib, Beglia, and Segui (Mio-Plio-Quaternary) formations which outcrop in the central part of the basin (Fig. 2b) .
The lithostratigraphic column ( Fig. 2c) , extending from the Cretaceous to the Quaternary, shows two main stratigraphic units. The first unit is represented by the marine Cretaceous and Palaeogene deposits of the Sidi Khalif, Melloussi, Boudinar, Bouhedma, Sidi Aïch, Orbabta, Zebbag, Aleg, Abiod, El Haria, Metlaoui, and Jebs formations, while the second is formed by the continental Neogene and Quaternary deposits of the Sehib, Beglia, and Segui formations. These two stratigraphic units are separated by an important sedimentary hiatus extending from the Middle Eocene to the Early Miocene. Tectonically, the main tectonic activity in the El Guettar basin dating from the Plio-Pleistocene age, probably Villafranchian, is still active, having current seismic activity (Dlala and Hfaiedh 1993) .
According to the lithostratigraphic column (Fig. 2c ) and the conceptual models (Fig. 7) , the preserved sedimentary sequence reveals four main aquifers levels in the study area consisted of four important aquifer levels hosted, respectively, from the bottom to the top, in the Turonian deposits (Zebbag Formation) in the Upper Cretaceous units (UC) (Abiod Formation), the Miocene sediments (M) (Beglia Formation), and the Plio-Quaternary formations (PQ) (Segui Formation). These hydrostratigraphic units from the multilayered aquifer system of the Complexe Terminal (CT) and they are intercalated by impermeable clay horizons. Besides to CT, three aquifer levels expressed by Lower Cretaceous permeable continental formations of Orbata, Sidi Aïch, and Boudinar (Fig. 2b,c) form the second multi-layered aquifer system of the Continental Intercalaire (CI). The transboundary system of CI of North Africa is one of the largest confined aquifers in the world. It is hydraulically continuous from the Atlas Mountains in Algeria (recharge area) to the Chotts of Tunisia (discharge area) (Hamad et al. 2018; Hadji et al. 2018) . The fresh recently infiltrated groundwater is not affected by pollution and characterized by low values of electrical conductivity (EC) and Ca-Mg-HCO 3 water type is attributed to the recharge area. The EC values show a gradual increase towards the down parts of the basin (El Guettar Chott and Djerid Chott).
Data collection
The region of El Guettar consists of several mkayel located in the southern zone of the Jebel Orbata, in the towns of Lortess and El Guettar. They belong to the hydrographic basin of Chott El Gharsa and the sub-basin of Chott El Guettar located in the municipality of El Guettar Ouest, delegation of El Guettar, Gafsa governorate. The oasis of El Guettar received water from the mkayel through the water table located in the foothills of the Jebel Orbata, on a glacis of 10 km in length. The platform is formed by detrital materials belonging to Quaternary deposits, and characterized by their thick increasing towards the mountain and decreasing near the Chott of El Guettar. The mkayel is located to the south of the road that connects Gafsa with the Guettar. A decreasing trend in precipitation rates and an increase in groundwater exploitation by pumping have led to subsequent overexploitation of the aquifers, causing a significant fall in piezometric levels in El Guettar region. Furthermore, the number of shallow wells in El Guettar region has increased from 25 during the 1980-300 in 2016 and the deep wells increased from 1 during the 1980-16 in 2016 (DGRE (Direction Géné-rale des Ressources en Eau) 2011). The exploited volume (Fig. 3) 
Results
The increased use of the limited low renewable groundwater resources in Gafsa basin to buffer drought years, to compensate surface water deficit, and to maintain agricultural activities constitutes a source of conflicts between competitive sectors (Trousset 1986 ). According to the study of (Hamed et al. 2010 ), the exploitation rates in Northern Gafsa have evolved from 79% in 1998-115% in 2014 (2.5% per year) (DGRE (Direction Générale des Ressources en Eau) 2011). This irrational exploitation leads to a decrease of piezometric level expressed by a drawdown of groundwater table In this connection, the groundwater in the study area has TDS values ranging from 1 to 3 g/l. The gradual increase of salinity levels may be explained by the overexploitation impacts, by the enhanced rock-water interactions and the leaching of evaporate terrains expressed by a slight rise of TDS values in 2012 comparing to 1996 (0.03 mg/l per year) referring to the contribution of the leaching of evaporate sediments during heavy rainfall events of 2002 and 2005 in groundwater mineralization (Hamed et al. 2010) .
The water quality of the mkayel and the springs in Gafsa basin
The mkayel have usually been the main source of good water quality for drinking purposes depending greatly on the topography of the region. The groundwater available farther from the mountains (Gafsa chain: J. Orbata) reveals generally a poor quality related to various recharge zones and non-point contamination source, while, in the proximity of the mountains, the groundwater is more available with a better quality. It is known that the silting is the main threats of the sustainability of mkayel unless the maintenance is performed periodically to clean up the tunnels from the accumulated sediment. Since the mkayel water slowly travels a long distance (≈ 2 km), silt and clay particles tend to settle along the tunnel before the water reaches to the storage pool ensuring a better water quality for drinking purposes. (Hamed et al. 2010) states that the recharge through the mkayel keeps the salinity level of the soil under control, since the fresh water is transferred from mountain plateaus to the lower plains that have saltier soils; resulting in the proliferation of halophytes plants (Fig. 1d) .
Current status of springs and mkayel in Gafsa basin
Due to the rapid population growth and the technological advances, the mkayel systems cannot meet the water requirement of large-scale agriculture practices, and consequently, they are losing their importance in agricultural production. In addition, the introduction of the industrial sector of the phosphate company of Gafsa "CPG" using a number of pumped wells has accelerating groundwater depletion (phosphate washing which requires, 1800 l/s) (Hamed et al. 2010) and the abandonment of the mkayel systems. Figure 5 shows the decreasing trend in numbers of the mkayel and great increasing trend of deep wells from late 1900s to 2014 in El Guettar basin (DGRE (Direction Géné-rale des Ressources en Eau) 2011; CPG (Tunisian phosphate industry) 2010). After the independence of the republic of Tunisia (1956) and in the year of 1957, the number of the mkayel in operation in the El Guettar region of Tunisia was 100 and the annual water supply amounted to 200 l/s, while the irrigated area was about 260 ha. However, in 1976, the number of the mkayel in operation dropped to 4, and the annual groundwater supply increased to 600 l/s with a total irrigated areas of 345 ha. This is mainly explained by increased numbers of deep wells from one during the 1980-15 in 2016 in the studied region and the groundwater drawdown. The primary difference between the mkayel and deep wells is their sustainability: the mkayel water is a renewable resource, because the rate of water flow in the Mkayels is controlled by the level of the water table, while deep wells can extract groundwater depending on the demand, regardless of the recharge rate of the aquifer.
In addition, the collapse and landslides of these mkayel (Fig. 6a, b) , and the silting and clogging of the mkayel by plants' roots are the main environmental problems that affect the mkayel of El Guettar basin (Gafsa area). Actually, over 400 non-functional mkayels in the region of El Guettar are exposed to the phenomenon of silting (Sahara climate). In addition, the seismic activity in the El Guettar-Gafsa region facilities this degradation, the expansion of agricultural areas, and the urban construction (Fig. 6c) .
Due to the anthropogenic discharges (Fig. 6d, , and the water erosion, the mkayel is no longer useful for agriculture in the study area as they cannot provide the needed quantity. Therefore, they lost their importance in agricultural production. In addition, the introduction of the industrial sector of the "CPG" has accelerated the depletion of groundwater resulting in the extinction of these mkayels which is transformed generally in septic tanks.
Effect of climate change in water resources in Gafsa basin
Climate change has long-term impacts on water resources in Arab countries (Hamed et al. 2017; Gayar and Hamed 2018) . The conceptual models, shown in Fig. 7 , summarize schematically (without regard to paleo crusts) the different stages of the hydrodynamic and geochemical evolution of groundwater table (Quaternary alluvial, CT and CI aquifers) and its eventual contamination by the brines Chotts. The exploitation of these aquifers and their long-term replenishment are largely controlled by longterm climate conditions which their variability can be disastrous. In the 1900s, springs and some deep boreholes aquifers has contributed to the loss of the artesian conditions and the decline of CT and CI groundwater level. The return of irrigation flow contributes in the formation of perched local "oasis type aquifer" in oasis areas, where salts concentrate and form gypsum crust (stage-2 "1960", Figs. 7,6e) . Stage-3 "2014" summarizes the current mechanism of the water mineralization by the dissolution of salt crust. The decline of the water table permits an eventual brine Chott invasion. Indeed, local signs of water table were recorded in the oasis surrounding El Guettar Chott, with predominance of evaporate sediments (halite, gypsum, and hydrate), but they still limited in time and in space. Even though that many springs have extinct due to the overexploitation, the debit of some others had only diminished. The significant decrease in the springs debit in Gafsa basin is a result of the excessive use of groundwater by the phosphate industry (CPG). Recently, the exploitation of Sidi Ahmed Zarroug shallow aquifer has stopped. Thus, the piezometric level returned gradually to its natural equilibrium, and Aïn Echfaa spring, which had been non-functional for quite sometime, is now functioning normally (Fig. 8) .
Discussion
Countries which have conserved the mkayel
The utilization of the mkayel systems is controlled by the geographic position, and the hydrological and the climate conditions of the regions. In Southern Morocco, the people live within oases relying mainly on the traditional water systems named khattara. On the margins of the Sahara Desert, the isolated oases of the Draa River valley and Tafilalt have relied on the traditional khattara water for irrigation since the late fourteenth century (Oshima 2001) . In Marrakech and the Haouz plain, the khattara have already dried up since the 1970s owing to widespread use of motor-pumps in the upstream area. There are about 570 khattara, but only around 270 (50%) are still in use in the Tafilaft region (Ben Brahim 2003) . The construction of the Hassan Adahkil Dam's on local water tables is played an important role in the reduction of half khattara (Motiee et al. 2006) . Although the reduction in numbers of khattara is caused mainly by various reasons like the economic difficulties related to drought (Oshima Morocco is yet one of the principal countries in North Africa that has used these galleries (khettara).
Even for Algeria, the foggara is used for irrigation at large oasis, such as that at Gourara and at Touat (an area of Adrar 200 km from Gourara). In this region, the total length of the foggara is estimated to thousands of kilometers. Despite sources suggest that the foggaras may have been in use as early as 200 AD. The National Agency of Water Resources (N.A.W.R) in Algeria reported the number of foggaras dug in the Touat and Gourara is 1400, only 903 foggaras functional between 1998 and 2001.
Underground water is an important source of fresh water in Egypt; its importance is augmented by the fact that it is the unique source of water in the Egyptian desert that constitutes 95% of Egypt's total area. As early as the second half of the fifth century BC, there was evidence that water was being used via the mkayel.
Although they are numerous, most of the Kahriz in Iraq are useless because of their poor condition especially in the northern region where hundreds of them are abandoned. However, for the remaining ones, the water production could be very high (covering 15% of drinking water and 85% of farming needs). It is very effective in agriculture. Furthermore, each Kahriz could cover the needs of 100 farm. Aside from their economic value, the Kahriz are of great importance for many reasons. Their cultural and social values are undeniable. They represent the old traditional knowledge in its best features.
The distribution of qanats in Syria is located in different places such as Damascus, Homs, and in the Steppe areas. The qanats were principal sources of drinking water and irrigation for agriculture in past. The water's local system of rights and regulations controls its division. There are two types of qanats in Syria: infiltration qanats and spring qanats. However, we can say through circumstantial evidence that Syrian qanats were already in use during the Roman period (Adeel et al. 2008) .
Unlike Lebanon and Israel characterized by regular precipitation, in Jordan, these qanats are found east of the Jordan River near Shunat Nimrun. Local inhabitants report that they are of Roman origin. An underground aqueduct, with numerous shafts, leads into Solomon's pool in Jerusalem. This tunnel collects its water from an infiltration gallery but may not be a true qanats (Cressey 1958) . The previous works indicated that, at the first, Jingquen are located in Han Dynasty in China. In the deserts of Northwestern of the country (Turpan), the irrigation water used in the oases systems are mainly provided by the Jingquen resources. Thus, a local Museum of these Jingquens is created regard to their socio-historical importance. It forms a protected area for 1000 Jingquens with a total length of about 5000 km (Wulff 1968; Motiee et al. 2006 ).
The single most important component of Oman's irrigated oasis agriculture is the famous falaj system itself. The falaj irrigation system is an important source of water for agricultural land and domestic water. It permits the collecting of water resources that are, otherwise, hard to tap in the prevailing geologically and topographically difficult land. Its social organisation and effective basin-based distribution system enable a surprisingly uniform irrigation of fields (Wilkinson 1977; Abdel-Rahman and Abdel-Magid 1993; Al Ghafri et al. 2001; Al Marshudi 2001; Shahalam 2001) . While debate about the origins of the aflaj irrigation system and the development of irrigated agriculture in the region is ongoing, archaeological and palaeo-climatic evidence indicates that the Oman Peninsula played a key role in it, as it did in the invention of Sarooj cement (Al Rawasa et al. 1998) . Aflaj in Oman are classified into three types according to their water source: ghaily (50%), daudi (25%), and ainy aflaj (25%) of the total aflaj in Oman. According to Al-Hatmi and Al-Amri (2000) , the tunnel of Daudi aflaj has 0.5-1.0 m width, 0.5-2.0 m height, and up to 12 km in length [e.g., Falaj Daris in Nizwa and falaj al-Malki in Izki (Al-Balushi Hamad Salim 1995) ]. In addition, this type of aflaj is most difficult to construct which require time, workforce, and lot of money; it costs about 80,000 US$ to dig a small qanat system with length of 2 km and mother well depth of 16 m. (Bonine (1989) ). In general, one expects the flow of water through the daudi falaj to be more consistent than for the ghaili type. The ghaili falaj is a spate irrigation type, while the aini falaj is a spring type.
In the Loralai District of Balochistan Province in Pakistan, indigenous water management practices are regarded as the only important way to re-establish integrated water resource management fundamental for the survival of people in this arid region. The earliest historical evidence of the presence of a karez in Balochistan dates back to 2700 years ago. By the time of independence of Pakistan in 1947 and before the 1950-1952 drought, 22,000 karezes were operational in Balochistan. 50 years later, 12,000 karezes were still functional, but, today, only less than 4000 karezes have survived the latest drought from 1996 to 2003, which was also the longest and most severe drought in the history of Pakistan. The provincial government of Balochistan, with the assistance of the Government of Pakistan, has recently completed the rehabilitation of 105 karezes in the province. The rehabilitation work was limited to the widening of mother wells, repairing the vertical shafts, desilting of channels, lining of on farm distribution channels, and finding alternate sources of water for the dried karezes. Three delay action dams were built in the province to recharge karezes, but they all ran dry before the monsoon season approached (Khan 2008).
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The early settlers of the Yemeni mountainsides were thus forced to use every possible patch of soil for cultivation. In addition, they faced a challenge when the slopes started to become denuded, and high rainfall events were accompanied by severe soil erosion. According to Vogel 1987, the farmers established millions of terraced fields in the Yemeni highlands employed today. As soon as it rains, the runoff is funnelled by the artificial berms into broader channels which direct the water from the bare hillsides onto the terraced fields. Using the Yemeni Arabic term, the system of irrigation is called sawaji (Vogel 1987) . Archaeologically in Yemen, the terrace construction dates back to at least the third millennium BC (Wilkinson 1999) . Large parts of this terraced terrain have been cultivated continuously since that time. Until 50 years ago, people in the mountainous areas of Yemen were highly dependent upon rain-fed agriculture on the picturesque terraces that give Yemen its distinctive landscape character. Traditionally, water harvesting was an appropriate and brilliant solution for sustainable and secure food production.
The development of galerias system transmitted to Spain, and onwards to Latin America (Martínez-Santos and Martínez-Alfaro 2012) where they are largely referred to as galerias, although other names such as puquio and matrit also exist (Al Ghafri et al. 2003) . Spanish gallerias, like as those found in Madrid, have long-since been replaced by municipal water systems (Martínez-Santos and Martínez-Alfaro 2012).
Current status of the mkayel
The aflaj Irrigation Systems of Oman are ancient water channels from 500 AD located in the regions of Dakhiliya, Sharqiya, and Batinah. However, they represent a type of irrigation system as old as 5000 years in the region (UNESCO 2015). In 2006, five aflaj Irrigation Systems of Oman were added to the UNESCO list of World Heritage Sites: Falaj Al-Khatmeen, Falaj Al-Malki, Falaj Daris, Falaj Al-Mayassar, and Falaj Al-Jeela. According to the Ministry of Water Resources (MWR), the number of aflaj in Oman is estimated to be 11,000, among which 4000 are major ones that are constantly flowing. Maintenance is frequently carried out to maintain maximum water flow rate of the falaj, since it is the main source of water for domestic and agricultural purposes. These aflaj are irrigating 26,500 hectares. The flow of aflaj of the UAE is of about 630 l/s (Rizk and Al Sharhan 2003) . In El Ain region, there is seven operational aflaj feeding the oases with a flow of 315 l/s (Rizk and Al Sharhan 2003) .
In Tunisia, the number of the functional mkayel decreased from 800 to 100 in 1957 and at 0 presently (Hamed 2011) . In southeastern Morocco, in Tafilalet, the number of khettaras decreased significantly from 300 in the early twentieth century to 150 in 2000 (Ben Brahim 2003 (Lighhtfoot 1996) . In Jordan, the 32 aflaj inventoried, only 8 are functional (Lighhtfoot 1996) . In Yemen, the total number of qanats is 94 except 40 which remains functional until 1960. In Iran, qanats the number diminished from 50,000 (Ghorbani 2007) to 32,000 in 1950 (Bonine 1989) . The gradual disappearance of foggaras is due to use of modern technology (pumps and boreholes) in the oasis, agricultural expansion, growing demands of domestic, the evolution of social problems (migration and inheritance), and industrial water use (Industrial sector of CPG). A drop in the groundwater table due to the overexploitation is the main cause of the mkayel destruction in many countries, especially in Tunisia.
At the beginning of the 21st century, the United Nations Convention to Combat Desertification (UNCCD) had been interested in the role of traditional technology in combating desertification. For this matter, the Traditional Knowledge World Bank was established through support from UNESCO and the Toscana Government of Italy to provide the existing data. Desertification is closely linked to management of water resources, agricultural and climate change processes, and changes of biological diversity and vegetation cover. The impacts and magnitude of desertification change over time and vary from place to another. This variability is driven by the intense climate aridity combined with the pressures people put on the ecosystem.
Drought and desertification are the main, inter-linked climatic challenges in the MENA regions, and dwindling water resources will pressure the water resources and threaten the wellbeing of the human race. For these reasons, the solution is sought in modern technology, such as desalinization of seawater, but the traditional techniques of sustainable water use could be found on the ground. In an ideal future, the reuse of qanats for sustainable water management could contribute to such a lifestyle. The countries that have qanats should carefully consider whether government subsidies should be directed towards renovation of these systems. In Syria, the success renovation of qanats is technically possible; however, a thorough social and hydrological assessment is required in advance.
Conclusions and recommendations
In ancient times, the North Africa enjoyed more rainfall than today. This situation changed around 4000 BC when the socalled mid-Holocene moist phase came to an end and the climate started to become much dryer (Hamed et al. 2010 ).
Since for thousands of years, the people living in dry lands have discovered many technologies to catch and use water. This traditional system called mkayel have been playing diverse roles with regards to the exploitation of groundwater, agricultural, domestic, and maintained the unique oasis ecosystem in the Sahara. This old system can enhance social and cultural diversity, and may be considered as a global international heritage. The advantages of the traditional systems such as their energy efficiency (based on the use of gravity), regulation of microclimate thanks to the planting structure (Safriel and Adeel 2005 ) good water quality, waste recycling systems, and sand dune stabilization techniques (Adeel et al. 2008 ) and permanent availability of water during all seasons make them attractive for the small communities in rural areas. They are also environmentally friendly systems representing efficient ways to insure sustainable groundwater exploitation in the El Guettar oasis (Tunisia).
The population growth, the overexploitation of groundwater, and changing socio-economic accelerate the abandonment of the traditional systems in North African region. With these societal changes, the modern drip irrigation systems would be beneficial in terms of meeting the growing water demands and would also protect the mkayel systems.
In addition, regard to their historical and cultural value, their maintenance encourages the traditional eco-tourism in and furnishes alternative income at local and national scales like El Guetar (Tunisia). The utilization of modern technology (pumps and drilling) is the main cause of decline the traditional systems. Consequently, the mkayel are being abandoned as shallow aquifers fall and galleries go dry (Lighhtfoot 1996) , but there is another problem: change in lifestyle and way of thinking; the younger generation hates the jobs of farming and pulls towards the cities. Finally, governments could have a significant contribution in the maintenance of the mkayels systems by establishing a comprehensive local database. These databases could be very useful for academic studies seeking to improve the mkayels efficiency as a main source of water used for both irrigation and domestic needs. Therefore, the local communities also should contribute with the government in the preservation of such important water systems.
